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論文内容要約 
Iron aluminides have attracted considerable attention as high-temperature structural materials. They have many 
advantages, such as low cost, low density, excellent oxidation and corrosion resistance, high strength and good creep resistance 
at elevated temperature [1]. B2-type FeAl intermetallic compound is an important member in the iron aluminides’ family. The 
vacancy behavior and positive temperature dependence of yield strength (called as “strength anomaly”) are two major topics in 
this compound. It is reported that thermal vacancies generated at a relatively high temperature can be frozen into the material 
upon quenching [2]. These excess vacancies provide the strengthening effect, which was proved by an increment in sample’s 
room-temperature hardness after it was quenched from a higher temperature [3]. In addition, thermal vacancies were regarded 
as a possible reason for the strength anomaly. It is reported that thermal vacancies in B2-type FeAl are easy to form but difficult 
to migrate at elevated temperature, so that they impede dislocation motion by a “solid-solution” hardening mechanism [4]. 
However, whether it can be the main reason for strength anomaly in B2-type FeAl is still under discussion. 
For an ordered intermetallic compound, point defect structure is one of the most important parameters that affect its 
physical and mechanical properties. From the phase diagram, it can be realized that B2-type FeAl exists in a wide temperature 
and compositional range, but it is stable only on the Fe-rich side [5]. Consequently, it is usually an Fe-rich off-stoichiometric 
compound. In the past, B2-type FeAl was thought to belong to the triple-defect-type (TRD-type) compound [6]. According to 
the TRD model, at ground state, excess Fe atoms form anti-site Fe atoms (Fe-ASDs) on Al-sites, while as temperature 
increases, thermal defects generate in the form of TRD, consisting of two Fe-vacancies and one Fe-ASD. For a long time, 
thermal vacancies had been believed to exist only at Fe-sites in B2-type FeAl. This phenomenon was proved by the computer 
simulation [7]. However, the direct measurement of thermal defect structure is difficult by experiments. Therefore, in this thesis, 
the point defect structure in B2-type FeAl was investigated through several methods, and its ordering behavior and phase 
stability were analyzed. 
 Vacancy-type defect is a typical point defect in B2-type FeAl. Thermal vacancy concentration is thereby an 
important parameter in this compound. In this work, “differential dilatometry” [8] was applied to measure the thermal vacancy 
concentration. With this method, the concentration of newly generated thermal vacancies with increasing temperature can be 
evaluated based on a precise combination of the temperature-dependent changes in the bulk length and in the X-ray lattice 
parameter. Therefore, the in situ measurements of thermal expansion and XRD were carried out in this work. Ingots with 
compositions of Fe-40Al and Fe-43Al (at.%) were prepared by arc-melting. The as-cast ingots were subjected to a 
homogenization heat treatment at 1100 °C for 24 h. After that, they were slowly cooled down to 400 °C and aged at the same 
temperature for 100 h to eliminate excess vacancies. Several bulk specimens were cut from the fully-annealed ingots and 
employed for thermal expansion measurements. Powder samples were also crushed from the fully-annealed ingots and used 
for XRD measurements. In order to eliminate the residual strain, the as-crushed powder was heated at 800 °C for 1 h and then 
annealed at 400 °C for 100 h to eliminate the regained vacancies. Thermal vacancy concentration as a function of testing 
temperature was evaluated from the divergence between the changes in the specimen length and the X-ray lattice parameter. It 
was found that the concentration increased exponentially with increasing temperature. Using the Arrhenius relation, the 
activation enthalpy and entropy of vacancy formation were obtained. Compared with other bcc- or B2-structured metals and 
alloys, B2-type FeAl has lower vacancy formation enthalpy and thereby higher thermal vacancies concentration [9]. This is a 
typical characteristic of B2-type FeAl. Also, the vacancy concentration and formation energies obtained through different 
methods in the present and the previous studies were compared [10, 11]. The results obtained in the present study seem to be 
much more precise and reliable. 
 The elastic property is another important parameter that influences the physical and mechanical behavior of a 
material. However, up to now, only a few reports about the elastic behavior, especially the elastic behavior at high temperature, 
of B2-type FeAl can be found in the literature. In this work, the elastic property of B2-type FeAl is measured with the 
electro-magnetic acoustic resonance (EMAR) method. Single crystals with the composition of Fe-40Al, Fe-43Al and Fe-46Al 
(at.%) were employed. They were prepared by the floating zone (FZ) technique. The crystal orientation was determined with 
the back reflection Laue method. Single crystal specimens with the size of 5 mm × 5 mm × 4.5 mm were cut from the fully 
annealed single crystals. These cubic specimens have mutually perpendicular surfaces oriented in the [1 0 0], [0 1 0], and [0 0 1] 
crystal directions. Temperature dependence of the three independent elastic constants, c11, c12 and c44, was obtained directly by 
EMAR measurements up to 900 °C. It was found that the elastic constants decrease with increasing temperature for all the 
three compositions, but c11 decreases more rapidly than the other two. This difference in the decreasing rate of each elastic 
constant with increasing temperature is caused by the change of elastic anisotropy. The elastic anisotropic factor, 
A=2c44/(c11-c12), was obtained from the measured elastic constants. It was found that the elastic anisotropic factor linearly 
increased with increasing temperature and showed extremely high values at high temperature. Compared with other 
intermetallic compounds, B2-type FeAl has extremely high elastic anisotropic factor at high temperature, and the factor 
depends much stronger on temperature [12-14]. The elastic anisotropic factor refers to the ratio of the shear modulus on {1 0 0} 
planes (=c44) to that on {1 1 0} planes (=(c11-c12)/2= C’). The results showed that ΔC’/C’ fell down more rapidly with 
temperature than Δc44/c44, suggesting that the resistance to {1 1 0}-shear decreases more rapidly with increasing temperature 
than that to {1 0 0}-shear. The weaker resistance to the {1 1 0}-shear at elevated temperature indicates the change of phase 
stability of the B2 lattice. 
 Ordering behavior is also a significant factor to study the point defect structure in an intermetallic compound. 
Generally, point defects always exist in the compounds except for the perfect crystals of the stoichiometry at absolute 0 K. In 
the case of B2-type FeAl, the effect of off-stoichiometry can not be avoided. In this work, the ordering behavior in B2-type 
FeAl was investigated. The in situ high-temperature XRD measurements and the high-angle annular dark field scanning 
transmission electron microscopy (HAADF-STEM) techniques were applied. In the XRD spectra, the integrated X-ray 
intensity of a superlattice diffraction peak is proportional to the square of the long-range order parameter. To normalize the 
intensity scaling factor of different XRD spectra, the integrated intensity of the superlattice diffraction was divided by that of 
the corresponding fundamental diffraction in the same spectrum. Consequently, the measured long-range order parameter was 
obtained from the comparison between the experimentally observed XRD spectra and the simulated ideal XRD spectra of a 
fully ordered compound [15]. It was found that the long-range order parameter slightly increases with increasing testing 
temperature up to about 800 °C, and then decreases as the temperature further increases. The positive temperature dependence 
of the long-range order parameter, which is called as “re-ordering”, is anomalous to the TRD model. During the re-ordering 
process, Fe-ASDs tend to return to their own correct sublattice sites and Al-vacancies form simultaneously [16]. In the 
HAADF-STEM observation, images were captured with the zone axis of [1 0 0] direction using specimens quenched from 
different temperatures. In the images, the Fe and Al atomic columns are alternatively arranged. Since the intensity of atomic 
columns in the Z-contrast image is a function of the average atomic number, the intensities at each atomic column should 
include the information of the occupancy. In this work, the intensity ratio between Al and Fe atomic columns in the 
HAADF-STEM image is applied to evaluate the ordering state. A larger intensity ratio indicates a smaller ordering parameter, 
while a smaller intensity ratio a larger ordering parameter. It was found that the average intensity ratio moderately decreases 
with increasing quenching temperature, suggesting that the ordering parameter increases with increasing temperature. In this 
way, the re-ordering process found by XRD measurement was confirmed through the HAADF-STEM techniques. In addition, 
it was also found that intensity ratio was different from place to place in the image’s area. This may give the evidence that the 
ordering state locally changed and the re-ordering process proceeds locally in Fe-rich B2-type FeAl. 
 The locally ordered phases might be a possible reason for strength anomaly in B2-type FeAl. It has been reported in 
previous studies that, in the partially ordered systems, dislocations will be locked-in by an order gradient, resulting in the 
hardening effect [17]. In the case of B2-type FeAl, the number and size of the locally-ordered regions increase with increasing 
temperature. As a result, the proportion of interfaces between the highly- and lowly-ordered regions increases. These interfaces 
provide the order gradients, which are able to enhance the yield stress in B2-type FeAl. But with further increased temperature, 
the highly ordered regions are continuously growing and connect with each other. In this way, the compound becomes more 
homogeneous and the hardening effects due to the order gradient decreases. This explains the drop in the yields stress after the 
peak temperature. The peak temperature of strength anomaly is around 600 °C, which is within the temperature range of 
re-ordering. Therefore, the local re-ordering is reasonable for strength anomaly in Fe-rich B2-type FeAl. 
 Throughout this thesis, the author desires to prove that the researches on B2-type FeAl, as well as on other iron 
aluminides, are still full of interest and mysteries. The existence of Al-vacancies and locally ordered region is a new concept of 
phase stability and ordering structure of B2-type FeAl. 
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